Bobshannonite, Na 2 KBa(Mn,Na) 8 (Nb,Ti) 4 (Si 2 O 7 ) 4 O 4 (OH) 4 (O,F) 2 , is a new TS-block mineral from Mont Saint-Hilaire, Québec, Canada. It occurs as blocky crystals 0.5-1 mm across, perched on sérandite and albite. Other associated minerals are epididymite, catapleiite, aegirine, kupletskite, rhodochrosite and rhabdophane-(Ce). Bobshannonite occurs as vitreous to frosty, transparent to translucent very pale brown to orange brown crystals, has a very pale brown streak, hackly fracture and does not fluoresce under cathode or ultraviolet light. Cleavage is {001} very good, no parting was observed, Mohs hardness is ∼4, it is brittle and D calc. (241, 241, 044, 044, 241, 241); 3.477, 60, (006); 3.193, 59, (224, 224) M H sites are occupied by Nb and Ti (Nb > Ti), with <M H -j> = 1.975 Å, and eight [4] Si sites are occupied by Si, with <Si-O> = 1.625 Å. The M H octahedra and Si 2 O 7 groups constitute the H sheet. The TS blocks link via common vertices of M H octahedra. In the I block, Ba and K are ordered at the A P (1) and A P (2) sites with Ba:K = 1:1 and the two B P sites are occupied by Na. The ideal composition of the I block is Na 2 KBa a.p.f.u. Bobshannonite, perraultite, surkhobite and jinshajiangite are topologically identical Group-II TS-block minerals. Bobshannonite is the Nb-analogue of perraultite. The mineral is named bobshannonite after Dr. Robert (Bob) D. Shannon (b. 1935), in recognition of his major contributions to the field of crystal chemistry in * E-mail: elena_sokolova@umanitoba.ca DOI: 10.1180DOI: 10. /minmag.2015 © 2015 The Mineralogical Society Mineralogical Magazine, December 2015, Vol. 79(7), pp. 1791-1811 particular and mineralogy in general through his development of accurate and comprehensive ionic radii and his work on dielectric properties of minerals.
. The six strongest reflections in the powder X-ray diffraction data [d (Å), I, (hkl)] are: 2.873, 100, (241, 241, 044, 044, 241, 241); 3.477, 60, (006); 3.193, 59, (224, 224); 2.648, 40, (402, 243, 243); 2.608, 35, (008, 226, 226); 1.776, 30, (249 (Si 8.07 O 28 )O 9.32 H 4.01 F 0.68 , Z = 4. The crystal structure was refined to R 1 = 2.55% on the basis of 7277 unique reflections [F > 4σ(F)] and can be described as a combination of a TS (Titanium Silicate) block and an I (Intermediate) block. The TS block consists of HOH sheets (H -heteropolyhedral, O -octahedral). The topology of the TS block is as in Group II of the Ti disilicates: Ti + Nb = 2 a.p.f.u. per (Si 2 O 7 ) 2 [as defined by Sokolova (2006) ]. In the O sheet, ten [6] M O sites are occupied mainly by Mn, less Na and minor Zn, Fe 2+ , Mg and Al, with <M O -j> = 2.223 Å. In the H sheet, four [6] M H sites are occupied by Nb and Ti (Nb > Ti), with <M H -j> = 1.975 Å, and eight [4] Si sites are occupied by Si, with <Si-O> = 1.625 Å. The M H octahedra and Si 2 O 7 groups constitute the H sheet. The TS blocks link via common vertices of M H octahedra. In the I block, Ba and K are ordered at the A P (1) and A P (2) sites with Ba:K = 1:1 and the two B P sites are occupied by Na. The ideal composition of the I block is Na 2 KBa a.p.f.u. Bobshannonite, perraultite, surkhobite and jinshajiangite are topologically identical Group-II TS-block minerals. Bobshannonite is the Nb-analogue of perraultite. The mineral is named bobshannonite after Dr. Robert (Bob) D. Shannon (b. 1935) , in recognition of his major contributions to the field of crystal chemistry in Introduction BOBSHANNONITE, Na 2 KBa(Mn,Na) 8 (Nb,Ti) 4 (Si 2 O 7 ) 4 O 4 (OH) 4 (O,F) 2 , is a new TS-block mineral of Group II, Ti + Nb = 2 atoms per formula unit (a.p.f.u.) per (Si 2 O 7 ) 2 (Sokolova, 2006) .
The TS (Titanium Silicate) block is the main structural unit in 39 minerals (including bobshannonite): 34 minerals are listed in Sokolova and Cámara (2013) , and information on four minerals, kolskyite, emmerichite, saamite and betalomonosovite, can be found in Cámara et al. (2013) , Aksenov et al. (2014) , Cámara et al. (2014) and Sokolova et al. (2015) , respectively. The TS block consists of a central trioctahedral (O) sheet and two adjacent heteropolyhedral (H) sheets of [5] [6] [7] coordinated polyhedra and Si 2 O 7 groups. The TS block is characterized by a planar cell based on minimal lengths of translational vectors, t 1 ≈ 5.5 and t 2 ≈ 7 Å, and t 1^t2 ≈ 90°. The general formula of the TS block is A , Mg, Mn, Ca, Na; A P and B P = cations at the peripheral (P) sites = Na, Ca + rare earth elements, Ca, Ba, Sr, K; X = anions, O, OH, F and H 2 O groups; X 4+n = X 4 O + X P n , n = 0, 1, 1.5, 2, 4 . Sokolova (2006) developed general structural principles for the TS-block minerals. There are three topologically distinct TS blocks based on three types of linkage of H and O sheets. In the crystal structures of TS-block minerals, TS blocks either link directly or alternate with intermediate (I) blocks. The I block consists of alkali and alkalineearth cations, oxyanions (PO 4 ), (SO 4 ) and (CO 3 ), and H 2 O groups. Sokolova (2006) divided TSblock structures into four Groups, based on the topology and stereochemistry of the TS block. Each group of structures has a different linkage, content and stereochemistry of Ti (+ Nb + Zr + Fe 3+ + Mg + Mn) (a.p.f.u.) per (Si 2 O 7 ) 2 (Fig. 1) . In Group I, Ti ( + Nb + Zr) = 1 a.p.f.u. (Fig. 1a) ; in Group II, Ti (+ Nb) = 2 a.p.f.u. (Fig. 1b) ; in Group III, Ti (+ Nb + Mg + Fe 3+ ) = 3 a.p.f.u. (Fig. 1c) ; in Group IV, Ti (+ Mg + Mn) = 4 a.p.f.u. (Fig. 1d) . In a TS-block structure, four types of self-linkage between adjacent TS blocks occur. Sokolova and Cámara (2013) introduced the concept of 'basic' and 'derivative structures' for TS-block minerals. A 'basic structure' has the following four characteristics: (1) there is only one type of TS block; (2) the two H sheets of the TS block are identical; (3) there is only one type of I block or it is absent; and (4) there is only one type of self-linkage of TS blocks. 'Basic structures' obey the general structural principles of Sokolova (2006) . A 'derivative structure' has one or more of the three following characteristics: (1) There is more than one type of TS block; (2) There is more than one type of I block; (3) There is more than one type of selflinkage of TS blocks. A 'derivative structure' is related to two or more 'basic structures' of the same Group: it can be derived by adding these structures via sharing the central O sheet of the TS blocks of adjacent structural fragments which represent 'basic structures'. There are 34 basic TS-block structures and five derivative TS-block structures.
In the crystal structure of bobshannonite, the TS block has the stereochemistry and topology of Group II where Ti + Nb = 2 a.p.f.u. In Group II, the TS block exhibits linkage 2 where the Si 2 O 7 groups of two H sheets link to M O octahedra adjacent along t 2 in the O sheet (Fig. 1b) . The crystal structure of bobshannonite is of the same topology as those of Group-II TS-block minerals perraultite, surkhobite and jinshajiangite and is related to cámaraite, a Group-II mineral (Table 1) . Bobshannonite is the Nb-analogue of perraultite.
Bobshannonite was found in the autumn of 1996 in a blast pile by L. Horváth and E. PfenningerHorváth in the Poudrette quarry, Mont Saint-Hilaire, Québec, Canada. The mineral is named after Dr. Robert (Bob) D. Shannon (b. August 28, 1935) from Boulder, Colorado, U.S.A., in recognition of his major contributions to the field of crystal chemistry in particular and mineralogy in general through his development of accurate and comprehensive ionic radii and his work on dielectric properties of minerals. A comprehensive list of the radii of ions in a series of different materials (Shannon, 1976) is the highest formally-cited database of all time (Van Noorden et al., 2014) . The Shannon (1976) paper is listed under #22 in the top 100 papers of all times (Van Noorden et al., 2014) . The new mineral and mineral name have been approved by the Commission on New Minerals, Nomenclature and Classification, International Mineralogical Association (IMA 2014-52). The holotype specimen has been deposited at the Canadian Museum of Nature, Ottawa, Canada, registration number CMNMC 86886. The current paper reports the description and crystal structure of bobshannonite.
Occurrence
The mineral occurs in the pegmatite-rich western part in the Poudrette quarry, Mont Saint-Hilaire, La Vallée-du-Richelieu RCM, Monterégie, Québec, Canada (45°33′46″ N 73°08′30″ W). The type specimen was not found in situ, hence not much is known about the size, shape or complete mineral assemblage of the source pegmatite which was completely destroyed by blasting, but the observed mineralogy is typical for Mont Saint-Hilaire sérandite and epididymite-rich pegmatites. Associated minerals are sérandite, albite, epididymite (rich), catapleiite, aegirine (2 generations), kupletskite, rhodochrosite (two generations), rhabdophane-(Ce) and a black undetermined botryoidal mineral, possibly a Mn oxide. Bobshannonite is of hydrothermal origin and exceedingly rare.
Physical properties
Bobshannonite occurs as vitreous to frosty, transparent to translucent (thin crystals), orange-brown (large fragments) blocky crystals some 0.5-1.0 mm across, perched on sérandite and albite (Fig. 2a) . The type specimen is 2.5 cm × 2.3 cm × 2 cm and consists of ∼90% sérandite with the associated minerals making up the balance. Bobshannonite occurs as euhedral crystals and platy cleavage fragments, and the main forms are {001}, {110}, {110} and {010} Fig. 2b . Small fragments are very pale brown. Bobshannonite has a very pale brown streak, hackly fracture and does not fluoresce under cathode or ultraviolet light. Cleavage is {001} very good, no parting was observed, Mohs hardness is ∼4, it is brittle and D calc. = 3.787 g/cm 3 (using the empirical formula and the single-crystal unit cell). Macroscopically, individual crystals do not show twinning. However diffraction data shows the presence of twinning and refinement gives the ratio of twin components as 50:50 (see below). Because of extensive twinning, bobshannonite does not extinguish properly under cross-polarized light. Thus we were unable to optically orient a crystal on a spindle stage for measurement of 2V and refractive indices. Cleavage fragments are colourless to very pale brown. There is no pleochroism in the plane of the cleavage {001} but the colour changes from colourless to brown on rotation out of the plane of cleavage.
FTIR and Raman spectroscopy
The Fourier transform infrared spectroscopy (FTIR) spectrum of bobshannonite was collected on a crystal fragment using a Bruker Hyperion 2000 IR microscope equipped with a liquid-nitrogencooled MCT detector. Spectra over the range 4000-650 cm −1 were obtained by averaging 100 scans with a resolution of 4 cm −1 . Base-line correction was undertaken using the OPUS spectroscopic software (Bruker Optic GmbH). Raman spectra in the regions 100-1200 cm −1 and 3000-4000 cm
were collected in backscattered mode with a HORIBA Jobin Yvon-LabRAM ARAMIS integrated confocal micro-Raman system equipped with a 460 mm focal length spectrograph and a multichannel air-cooled (-70°C) CCD detector. A magnification of 100 × was used with an estimated spot size of ∼1 µm, a 1800 grooves/mm grating and a 532 nm excitation laser. The wavenumber was calibrated using the 520.7 cm −1 line of Si metal. The FTIR and Raman spectra of bobshannonite in the OH-stretching region are shown in Figs 3a and 3b, respectively. Both spectra show a strong peak at ∼3610 cm −1 and a weak peak/shoulder at ∼3655 cm −1 that are assigned to OH-stretching vibrations of the OH groups in the structure of bobshannonite. Figure 4 shows the Raman spectrum of bobshannonite in the fingerprint region (100-1200 cm −1 ). In the 1200-650 cm −1 region, a strong peak at 901 cm −1 and medium to low intensity peaks at 1038, 970, 716 and 680 cm are assigned to bending vibrations of Si 2 O 7 groups and those below ∼400 cm −1 (341, 310, 240, 207 and 143 cm −1 ) are mainly due to lattice modes. The FTIR spectrum in the fingerprint region is not shown because of band saturation.
Chemical composition
Crystals were analysed with a Cameca SX-100 electron microprobe operating in wavelengthdispersive mode with an accelerating voltage of 15 kV, a specimen current of 10 nA and a beam diameter of 10 μm. The following standards were used: diopside (Si); Mn(Ta 1.7 Nb 0.3 )O 6 (Ta); Ba 2 NaNb 5 O 15 (Nb,Ba); titanite (Ti); andalusite (Al); fayalite (Fe); spessartine (Mn); forsterite (Mg); gahnite (Zn); Rb-leucite (Rb); albite (Na); orthoclase (K); fluor-riebeckite (F). The elements Ca, Sr, Zr, Sn, Cs, Cr, Pb and V were sought but not detected. The data were reduced and corrected by the PAP method of Pouchou and Pichoir (1985) . The H 2 O (confirmed by IR spectroscopy, see above) was calculated by stoichiometry from the results of the crystal-structure analysis on the basis that OH = 4 a.p.f.u. Bobshannonite and perraultite described by Chao (1991) [(1), Table 2 ] are from the same locality: Poudrette quarry, Mont Saint-Hilaire, Québec, Canada. These two minerals are (2), Ti ≥ Nb, Ba > K and Na + Ca = 2 a.p.f.u., where Na > Ca.
Powder X-ray diffraction
Powder X-ray diffraction data were collected with a Bruker D8 rotating-anode Discover SuperSpeed micro-powder diffractometer with a multi-wire 2D detector using a Gandolfi attachment. Data (for CuKα) are given in Table 3 . Unit-cell parameters (space group C1) refined from powder data are as follows: a = 10.826(5), b = 13.896(6), c = 20.946(7) Å, α = 90.00(3), β = 95.01(3), γ = 90.00(3)°, V = 3139(1) Å 3 and are close to the values determined by single-crystal X-ray diffraction.
Crystal structure

Data collection and structure refinement
Single-crystal X-ray data for bobshannonite were collected using a Bruker APEX II ULTRA threecircle diffractometer with a rotating-anode generator (MoKα), multilayer optics and an APEX II 4K CCD detector. The intensities of 18,496 reflections with -15 < h < 15, -19 < k < 19, -29 < l < 29 were measured to 60°2θ using 5 s per 0.3°frame. Unitcell dimensions were determined by least-squares refinement of 9550 reflections with I > 10σI, and are given in Table 4 , together with other miscellaneous information on data collection and structure refinement. An absorption correction was made using the SADABS program (Sheldrick, 2008) . All calculations were done with the Bruker SHELXTL version 5.1 system of programs (Sheldrick, 2008) . The crystal-structure refinement of bobshannonite was carried out on a twinned crystal with two components related by the twin matrix [100 010 001]; lattice parameters being close to those of perraultite, we tried to solve the structure in monoclinic symmetry in space groups C2/m and C2. Both models produced high R 1 values (11.3% and 7.4%, respectively), and residual peaks indicate the presence of twinning or disorder at the M H sites. The C2 model also yielded non-positive-definite anisotropic displacement parameters, even considering the mirror as a twin operation. The crystal structure was therefore solved in space group C1ā nd refined to R 1 = 2.55%, with a twin ratio of 0.5018 (5) (1-4) sites (scattering curves of Nb + Ti), A P (1) site (scattering curve of Ba), A P (21-23) subsites (scattering curve of K) and B P (1,2) sites (scattering curve of Na). The sitescattering values for the A P (21-23) subsites were refined and then fixed. At the last stages of the refinement, four peaks were found in the difference-Fourier map which were included in the refinement as the H(1-4) atoms. The D (donor)-H distances were softly constrained to 0.98 Å. Final atom coordinates and anisotropic-displacement parameters are listed in Table 5 , selected interatomic distances and framework angles are given in Table 6 , refined site-scattering and assigned site-populations for selected cation sites are given in Table 7 , bond-valence values in Table 8 and details of hydrogen bonding in Table 9 . Observed and calculated structure-factors and a CIF have been deposited with the Principal Editor of Mineralogical Magazine and are available from www.minersoc.org/pages/e_journals/dep_mat.html.
Site-population assignment
Here we consider the cation sites of three groups: M O sites of the O sheet, M H and Si sites of the H . Bobshannonite does not contain Ca (Table 2) ; in accord with the refined site-scattering values for the B P (1,2) sites, we assign 0.95 Na + 0.05 □ to the B P (1) site and 0.94 Na + 0.06 □ to the B P (2) site (Table 7) . There are two A P sites in the crystal structure of bobshannonite. The refined sitescattering value at the [10]-coordinated A P (1) site is 53.1 e.p.f.u. (Table 7 ) and mean bond-length <A P (1)-O> = 2.924 Å (Table 6 ) is consistent with ionic radius of Ba (
[10] r = 1.52 Å, Shannon, 1976 ). Therefore we assign all available Ba (Table 2) to the A P (1) site: 0.95 Ba + 0.05 □ ( Table 7 ). The A P (2) site is split into three [9] A P (21), [9] A P (22) and [10] A P (23) subsites which are 0.532-1.064 Å apart (Table 6 ). Total scattering at the A P (2) site is 19.93 e.p.f.u., and we assign 0.93 K + 0.07 Rb to the A P (2) site [calculated scattering of 19.34 e.p.f.u., Table 7 ). Mean bond-length for three subsites varies from 3.058 to 3.211 Å (Table 6) , consistent with the ionic radii of K (
[9] r = 1.55 and [10] r = 1.59 Å, Shannon, 1976) and Rb (
[9] r = 1.63 and [10] r = 1.66 Å, Shannon, 1976) .
For the ten M O sites, the following cations are available ( (Sokolova, 2006) . The overall topology of the crystal structure of bobshannonite (sp. gr. C1) (Fig. 5a ) is in accord with the perraultite structure-type (sp. gr. C2) (Yamnova et al., 1998) . In the structure of bobshannonite, the M O (1-10) octahedra form a close-packed O sheet (Fig. 5b) . In the H sheet, SiO 4 tetrahedra link via common vertices to form Si 2 O 7 groups that are oriented along b (b = 2t 2 ) (Figs. 5a,b,c) (17) 
3.004 (6) adjacent H sheets link through common vertices of SiO 4 tetrahedra and M H and M O octahedra to form a TS (Titanium Silicate) block parallel to (001) (Fig. 5a ). Figure 5a shows that in the TS block, Si 2 O 7 groups link to two M O octahedra of the O sheet adjacent along b, as in Group II of Sokolova (2006) . In bobshannonite, TS blocks are connected through common vertices of M H octahedra (which are O and F atoms, O > F), plus cations of the I block: Ba and K at the A P sites and Na at the B P sites (Fig. 5a ). In the cation layer of the I block, Ba and K are ordered at the A P sites (Fig. 5c ).
Cation sites
As stated above, the cation sites are divided into 3 groups: M O sites of the O sheet, M H and Si sites of the H sheet, and peripheral A P and B P sites which occur in the I block. Also in accord with Sokolova (2006) (Table 6 ). There are eight tetrahedrally coordinated Si sites occupied solely by Si, with <Si-O> = 1.625 Å (Table 4 ). The cations of the two H sheets give (Nb,Ti) 4 a.p.f.u., cf. Ti 4 a.p.f.u. in perraultite.
Peripheral (P) sites Four peripheral sites, 2 A P and 2 B P , are shifted from the TS block and occur as interstitial sites in the I block. The [10] A P (1) site is occupied by Ba at 95% and is coordinated by ten O atoms, with <A P (1)-O> = 2.924 Å (Tables 6,7 ). Ideal composition of the A P (1) site is Ba a.p.f.u. The A P (2) site is split into three [9] A P (21), [9] A P (22) and [10] A P (23) subsites which are 0.532-1.064 Å apart (Table 6 ) and are partly occupied by K + Rb, giving in total 0.93 K + 0.07 Rb, ideally K a.p.f.u. (Table 7 ). The total content of two A P sites sums to ideally KBa a.p.f.u., with Z = 4. In perraultite (sp. gr. C2), two A P sites (out of three) have partial occupancy; the total content of the [10] A P (1), [9] A P (2) and [9] A P (3) sites is Ba 1.26 K 0.60 □ 0.14 , ideally Ba 2 a.p.f.u., with Z = 4.
The [10]-coordinated B P (1,2) sites are occupied by Na at 95 and 94%, respectively, with a mean (Yamnova et al., 1998) giving in total Na 1.50 Ca 0.50 a.p.f.u., ideally Na 2 p.f.u., Z = 4. We write the cation part of the structural formula of bobshannonite as the sum of (1) 
Anion considerations
There are twenty-eight anions, O(1-28) (Table 5) , that coordinate the Si cations and they are O atoms: bond-valence sums on these anions vary from 1.92 to 2.05 vu (valence units) ( (Table 6 ) and they are O atoms, with bond-valence sums from 1.76 to 1.78 vu (Table 8) . The anions at the X A O (1-4) sites are O atoms of OH groups (Tables 5, 7) , with bond-valence sums of 1.14-1.15 vu (Table 8) . Each OH group is bonded to three M O cations of the O sheet (Fig. 5b) . The H(1-4) atoms are involved in a weak hydrogen bonding with O atoms that belong to the H sheets (Table 9 ). There are two X (Sokolova, 2006) .
Related minerals of Group II
Ideal structural formulae for Group-II minerals bobshannonite, perraultite and jinshajiangite (the perraultite structure type) and cámaraite (related to the perraultite structure type) are presented in Table 10 (except for surkhobite as its ideal formula is similar to that of perraultite). Bobshannonite, perraultite and jinshajiangite have basic structures in accord with Sokolova and Cámara (2013) , i.e. they have one type of TS block, one type of I block and adjacent TS blocks link to each other in the same way. In bobshannonite, perraultite and jinshajiangite, the O sheet has ideal compositions (Mn,Na) 8 , Mn 8 and Fe 8 2+ , respectively (Table 10 ). In bobshannonite, TS blocks are connected through O and F atoms at common vertices of Nb-dominant M H octahedra, whereas in jinshajiangite and perraultite, TS (3) 139 (4) a: -x + ½, -y + 3 / 2 , -z + 1; b: x-1, y, z.
blocks are connected through F atoms at common vertices of Ti-dominant M H octahedra. In jinshajiangite and perraultite, Ba (Ba > K) and Na (Na > Ca) are the dominant constituents at the A P and B P sites in the I block, respectively. Bobshannonite does not have any Ca; Ba:K ≈ 1:1, and Ba and K are ordered. Bobshannonite is related to cámaraite, ideally NaBa 3 Fe 8
2+
Ti 4 (Si 2 O 7 ) 4 O 4 (OH) 4 F 3 . The structure of cámaraite has one type of TS block, two types of I block, and TS blocks link to each other in two different ways. Cámaraite has a derivative structure, i. e. its structure can be built of structural fragments of minerals of the same group, jinshajiangite and bafertisite. The jinshajiangite part of the cámaraite structure is topologically identical to the bobshannonite structure. The general and ideal structural formulae of cámaraite are written as sums of the corresponding formulae of bafertisite and jinshajiangite (Table 10) . FIG. 5 . A general view of the crystal structure of bobshannonite which consists of TS (Titanium Silicate) and I (intermediate) blocks (a) and the details of the TS block: the close-packed O sheet of Mn-dominant octahedra (b) and the H sheet of Nb-dominant octahedra and Si 2 O 7 groups (c). SiO 4 tetrahedra are orange, Nb-dominant and Mn-dominant octahedra are yellow and magenta, respectively; Ba, K and Na atoms in the I block are shown as raspberry, green and blue spheres, respectively; O and H atoms of OH groups at the X A O sites are shown as turquoise and small white spheres.
Bobshannonite is a Nb-analogue of perraultite. To go from perraultite to bobshannonite, Nb substitutes for Ti in the H sheets, and to compensate for the increase in positive charge, Na substitutes for Mn in the O sheet, Na for Ca and K for Ba in the I block and O for F in the H sheets. (Sokolova, 2006) . The formula of cámaraite is the sum of the formulae of jinshajiangite and bafertisite. References: (1) This work; (2) Yamnova et al. (1998) ; (3) Guan et al. (1963) .
